In this paper we describe a molecular beacon format assay in which encoded nanowire particles are used to achieve multiplexing. We demonstrate this principle with the detection of five viral pathogens; Hepatitis A virus, Hepatitis C virus, West Nile Virus, Human Immune Deficiency virus and Severe Acute Respiratory Syndrome virus. Oligonucleotides are designed complementary to a target sequence of interest containing a 3′ universal fluorescence dye. A 5′ thiol causes the oligonucleotides to self-assemble onto the metal nanowire. The single-stranded oligonucleotide contains a self-complementary hairpin stem sequence of 10 bases that forces the 3′ fluorophore to come into contact with the metallic nanowire surface, thereby quenching the fluorescence. Upon addition of target DNA, there is hybridization with the complementary oligonucleotides. The resulting DNA hybrid is rigid, unfolds the hairpin structure, and causes the fluorophore to be moved away from the surface such that it is no longer quenched. By using differently encoded nanowires, each conjugated with a different oligonucleotide sequence, multiplexed DNA assays are possible using a single fluorophore, from a multiplexed RT-PCR reaction.
Introduction
Molecular beacons (1) , which comprise looped DNA structures with fluorophores and quenchers attached to each end of a sequence, have proven extremely valuable for real-time sensing of DNA in solution, including the detection of pathogens (2) and single nucleotide polymorphisms (3). In the "dark" state, the loop-induced proximity of the DNA termini lead to fluorescence quenching; the presence of DNA complementary to the loop sequence leads to an extended, "bright" conformation. Multiplexed DNA detection is possible with molecular beacons (3, 4) , but is limited by the number of spectrally distinct fluorophores available, as well as by the need to synchronize the optical properties of the fluorophore and quencher. Encoded substrates used to immobilize molecular beacons for multiplexing have also been reported; however, a quencher is still required in these systems (5) (6) (7) . Gold nanoparticles, which have novel and tunable optical properties, can serve as quenchers (8, 9) , and recently this approach has been extended to macroscopic gold surfaces (10) (11) (12) . However, these approaches do not obviate the need for multiple fluorophores. We describe herein a powerful new approach to multiplexed beacons based on the use of striped, encoded gold and silver nanowires (13) (14) (15) as quenchers, thereby allowing both encoding and quenching to be achieved using a nanoparticle This method allows multiplexed DNA assays to be carried out using a single fluorophore without the need for a quencher. In this paper we demonstrate feasibility via the simultaneous detection of five pathogens from a multiplexed RT-PCR reaction. Moreover, the availability of over 1000 different uniquely identifiable striping patterns would allow beacon-based detection of DNA sequences to be extended to arbitrarily high levels of multiplexing, using this nanowire system. The molecular beacons technology was first described by Tyagi and Kramer in 1996 (1) . In this seminal paper the molecular beacon comprised a fluorophore reporter dye and a nonfluorescent quencher chromophore. In close proximity, the fluorophore is quenched by the energy transfer to the nonfluorescent chromophore. Separating the fluorophore and the quencher results in a fluorescent signal. Molecular beacons have been attached to various supports for biosensor applications (6, 16, 17) . For example, Steemers et al. (6) demonstrated a fiber optic bead array for parallel detection of three DNA targets, while Wang et al. (17) arrayed five molecular beacon probes having various degrees of complementarity to a single target sequence. Tan and co-workers (16) have used an array format to optimize surface probe attachment chemistry and other experimental variables.
Metal surfaces can efficiently quench emission from dyes located within a few nanometers of the surface (18-21). Therefore, when molecular beacon probes are attached to metallic surfaces, the surface can provide fluorescence quenching, and no organic quencher dye is required. The presence of metals provides alternative nonradiative energy decay paths that can change the fluorescence quantum yield of a fluorophore. At close distances (<50 Å) fluorescence is quenched and at intermediate distances (75-100 Å), it is enhanced (19) . A number of groups have used this phenomenon in a biological assay. Perez-Luna et al. (12) have used a gold surface to quench fluorescence of bound molecules and detected emission after displacement in a competitive immunoassay. Others have attached fluorescently labeled oligonucleotides to gold and silver surfaces, to demonstrate proof of principle for nucleic acid assays. Du et al. (10) demonstrated quenching of hairpin DNA sequences attached to a planar gold surface, to mimic a microarray experiment, and successfully distinguished two DNA sequences, and more recently expanded this work to investigate the thermodynamic and kinetic response of the sensor (11) . Dubretret et al. (9) used a hairpin loop beacon probe structure on 1.4 nm gold particles, while Maxwell et al. (8) showed that even unstructured oligonucleotide probes could be employed. Fluorescence from the unstructured probes could be quenched because, when oligonucleotides are single stranded, they have flexibility and can form looped structures due to their attraction to the gold surface. In addition, the fluorescent dyes will reversibly absorb onto colloidal silver and gold (22, 23) . Upon hybridization the double-stranded DNA is rigid such that the fluorescent dye cannot reach the surface.
The major shortcoming of both solution-based and particlebased molecular beacons are the limited multiplexability (3, 4) . In this paper we report a molecular beacon format assay in which encoded nanowire particles are used to achieve multiplexing. We demonstrate this principle with the detection of five viral pathogens: Hepatitis A virus (HAV), Hepatitis C virus (HCV), West Nile Virus (WNV), Human Immune Deficiency virus (HIV), and Severe Acute Respiratory Syndrome virus (SARS).
Nanobarcodes particles are submicron sized metallic nanowires containing gold and silver segments (13) (14) (15) . They are fabricated by electroplating inert metals (gold, silver) sequentially into alumina templates. The template is dissolved, leaving behind striped nanowires. The reflectivity of gold and silver is significantly different that when viewed in a microscope with blue illumination (400 nm) the wires appear to be striped. The power of this technology is the ability to generate a library of encoded wires by changing the order of the stripes. The nanowires used in this study were approx 250 nm by 6 µm, and contained six metallic segments. Biomolecules, including nucleic acids and proteins, can be conjugated to the wires, resulting in the capability to perform multiplexed fluorescence-based assays, using a fluorescence microscope for data collection both at 400 nm (reflectivity measurements to define library member) and the optimum fluorescence emission wavelength (to define quantitative assay result).
Materials and Methods

Reagents
Oligonucleotides were purchased from BioSource (Camarillo, CA) and were used as received. We selected the following pathogens, for which non-infectious viral RNA was commercially available (Armored RNA ® Technology, Ambion Diagnostics, TX): Severe Acute Respiratory Syndrome (SARS), West Nile Virus (WNV), Hepatitis A (HAV), Hepatitis C (HCV), and Human Immune Deficiency Virus (HIV). All probe and target sequences discussed in this report are detailed in Table 1 .
Nanobarcode particles were manufactured as previous described (13) (14) (15) . Briefly, alternating layers of gold and silver are electroplated into the pores of an alumina template, the template is dissolved using strong base, resulting in the formation of striped nanowires. The nanowires used in this study were 250 nm by 6 µm, and contained six metallic segments. Preliminary data were performed using the following nanowire sequences, where 1 denotes silver and 0 denotes gold. HAV = 001110; HCV = 000111; HIV = 001101; SARS = 101010; WNV = 011001. Later experiments were performed using the following nanowires: HAV = 010110; HCV = 100011; HIV = 010110; SARS = 010011; WNV = 100101.
Molecular Beacon Probe Design
The stem-loop structures of the molecular beacons were designed using MFold software (24) . HAV probe sequence was designed from the VP1/VP2 capsid protein interphase region. The HCV probe sequence was designed from 5′ UTR region. The HIV probe sequence was designed from the gag protein region. The WNV probe sequence was designed from the NS5-2 region. The SARS sequence was designed from the nonstructural polyprotein region.
Probe Attachment Protocols
Oligonucleotide probes were assembled onto the nanowires as follows. Approximately 10 8 nanowires in 100 µL water were washed twice with 10 mM PBS, and resuspended in 100 µL 10 mM PBS. Next 500 µL of 5 µM oligonucleotide probe was added and allowed to self-assemble overnight at room temperature, with gentle rotation. Following assembly, 600 µL of 0.3 M NaCl in 10 mM PBS was added, and allowed to react for 2 h. The particles were then washed twice in 0.3 M NaCl in 10 mM PBS, resuspended in 100 µL 10 mM PBS and stored at 4ºC until ready to use.
Hybridization Protocols
Hybridization assays were performed as follows. Approximately 3 × 10 6 nanowires in 3 µL of PBS, were added to 42 µL of hybridization buffer (HS114, Molecular Research Center, Inc.) target in a volume of 5 µL (for positive control, 5 µL of 10 µM oligonucleotide was used). The target was boiled for 2 min prior to addition to the hybridization buffer. The reaction was tumbled gently for 1 h at 55ºC. The nanowires were washed with 500 µL 1X SSC for 5 min, followed by 500 µL 0.1X SSC for 5 min. The particles were resuspended in 50 µL 5 mM PBS, and imaged.
RT-PCR and Lambda Exonuclease Digestion
Reactions were performed using the SuperScript one-step RT-PCR kit (Invitrogen, CA). Five microliters viral RNA were incubated at 75ºC for 3 min, and added to a mix containing 25 µL 2X reaction buffer, 1 µL 10 µM primer 1, 1 µL 10 µM primer 2, 1 µL Taq polymerase, and 17 µL H 2 O (to 50 µL total reaction volume). Multiplexed RT-PCR was performed using the same reagent concentrations. The following conditions were performed on a thermocycler: 50ºC 30 min, 94ºC 2 min, then 40 cycles at 94ºC 15 s, 60ºC 30 s, and 72ºC 30 s, and a final 72ºC 10 min and hold at 4ºC. The double-stranded PCR product was designed with a 5′ phosphate group, such that lambda exonuclease could be used to digest away the phosphorylated 5′ strand, leaving the non-phosphorylated 3′ strand for hybridization to the MB probe. The reaction was allowed to proceed for 20 min at 37ºC, and then boiled for 1 min to inhibit any further enzyme activity. All PCR products were designed to locate the oligonucleotides complementary sequence approximately in the middle of the amplicon. The lengths of the PCR products were as follows: WNV = 242 bp; HAV = 266 bp; HCV = 410 bp; HIV = 172 bp; and SARS = 190 bp.
Nanowire Probe Surface Coverage Measurements
The probes were dissociated from the nanowires by incubating with β-mercaptoethanol (5 µL) in a high salt buffer (100 µL). The samples were incubated with tumbling overnight and in the dark to minimize bleaching. The following day the reaction mixture was centrifuged at 5000 rpm to pellet the nanowires. The supernatant was collected and fluorescence measurements taken using a fluorimeter. A standard curve using fluorescent oligonucleotides of known concentration was used to determine the concentration of probe released from the nanowiress.
Data Collection and Analysis
Data collection and analysis were performed on a Zeiss Axiovert 100 microscope fitted with a Prior H107 stage, Sutter Instruments 300W Xe lamp with liquid light guide, Physik Instrument 400 micron travel objective Positioner and Photometrics CoolSnapHQ camera. Images were acquired with a 63X, 1.4 NA objective. The microscope and all components were controlled by a proprietary software package (written in-house) that performs intra-and interwell moves, automatically focuses at each new position, acquires a reflectance image of the particles at 405 nm (20 nm band-pass filter), and finally acquires the corresponding fluorescence image with a filter set from Chroma Technology Corporation (HQ 545/30 excitation filter and HQ610/75 collection filter).
The reflectance and fluorescence image pairs were analyzed by NBSee™ Software, a proprietary image analysis software package that identifies the nanowires and quantifies their associated fluorescence. The fluorescence from each nanowire is the mean of the pixels constituting that region of that particle in an image. Typically 25 images are taken in a single well of a microplate. Data analysis of multiplexed assays, which are comprised of multiple nanowire striping patterns for each molecular beacon probe, is done by analyzing the log-mean fluorescence across nanowires of the same striping pattern. For all assays, a single or duplicate well is reserved for ascertaining background fluorescence values for each nanowire striping pattern conjugated to its respective molecular beacon probe. A multiple of this value is subtracted from the log-normal mean fluorescence in each target assay. Error bars in all barplots correspond to confidence intervals at p = 0.95 and are representative of interassay error. Specifically, Cox's method (25) was used to determine confidence intervals from log-normal fit distributions across histograms of mean-fluorescence intensity of nanowires of the same striping pattern. In the case of duplicate assay wells, the log-normal histogram was generated by combining nanowires of the same striping pattern across duplicate wells. Figure 1A shows a cartoon representation of the molecular beacon assay, while Fig. 1B shows representative experimental images. The assay works as follows: Oligonucleotides are designed that are complementary to the target sequence, and contain a self-complementary hairpin stem sequence of 10 bases. They are labeled with a universal fluorescence dye at the 3′ end (in this case TAMRA), and a thiol at the 5′ end. The 5′ thiol will cause the oligonucleotides to self-assemble onto the metal nanowire. Each nanowire library member is functionalized with a different oligonucleotide sequence. The single-stranded oligonucleotide contains a hairpin stem sequence that forces the 3′ fluorophore to come into contact with the metallic nanowire surface, thereby quenching the fluorescence. Upon addition of target DNA, there is hybridization with the complementary oligonucleotides.
Results
The resulting DNA hybrid is rigid, unfolds the hairpin structure, and causes the fluorophore to be moved away from the surface such that it is no longer quenched. Upon analysis with a fluorescence microscope one nanowire library member will appear fluorescent and the other nanowire will be dark. Decoding of the nanowire striping pattern indicates which DNA sequence was present. While this assay is conceptually straightforward and elegant, a number of fundamental measurements were required to determine the optimum design for the assay. Preliminary results into the investigation of thiol position on the probe indicated that 5′ thiol gave superior results over a 3′ thiol. We believe this may be due to the higher purity of 5′ thiol oligonucleotides, because they are easier to synthesize. In addition, during the course of these experiments we chose to work with nanowires containing similar amounts of gold and silver; however, experiments showed minimal difference in the quenching with different striped particles (results not shown). All oligonucleotides sequences discussed in the text are given in Table 1 .
The choice of fluorescence dye in any molecular beaconbased experiment can have a large impact on the attainable results. The challenge for this system was to find a dye that had ideal quenching properties, but without interfering with the determination of the striping pattern when taking reflectivity measurements at 400 nm. Because differences in the affinity of various dyes to the metal surface or in the fluorescence excitation/emission wavelengths or lifetime might be expected to impact performance in these assays, we performed experiments to determine the optimum organic fluorescent dye. We designed an oligonucleotide sequence complementary to the HCV 5′ UTR region, and varied the 3′ fluorophore, using Cy5, FITC, Texas Red, Rhodamine 6G (R6G), and TAMRA. Complementary target oligonucleotides was added to determine the quenching efficiency, and the results are shown in Fig. 2 . Quenching efficiency is calculated as (1 -[signal from negative control/signal with added target]) %. FITC and R6G had the poorest quenching efficiency at 62% and 72%, respectively. Cy5 had a quenching efficiency of 87%, Texas Red had a quenching efficiency of 94%, and TAMRA had a quenching efficiency of 89%. Dubretret et al. (9) reported quenching efficiencies for FITC, R6G, Texas Red, and Cy5 when using 1.4 nm gold nanoparticles, which all quenched with greater than 98% efficiency. We postulate that the slight quenching efficiency differences between our results and those of Dubretret et al. (9) are due to the nanowires being more representative of a planar surface, such that steric hindrance is likely a greater issue than on small (1.4 nm) spherical nanoparticles. In addition, we are using a fluorescence microscope with filters to collect data (rather than a spectrometer), such that any shift in wavelengths of absorbance or emission would impact our data, compared to data collected using a fluorimeter. While both Texas Red and TAMRA gave good results in the nanowire experiments, we selected TAMRA as the candidate for all subsequent experiments due to commercial availability.
The effect of probe and target length on assay performance was investigated, because it is well documented that the quenching phenomenon is distance dependent (19) , and the results are shown in Fig. 3 . Three probes were designed to the HCV 5′ UTR region, which were 34, 44, and 54 bases in length. They each contained a common 10 base "stem" sequence such that the pathogen sequence composed 24, 34, and 44 bases of the entire probe sequences. Three corresponding target oligonucleotides were designed that were 24, 34, and 44 bases in length and were complete matches to the three oligonucleotide probes (but did not contain the 10 base stem sequence). In Fig. 3 , open diamonds represent signal from experiments in which each of the three different length probe sequences were hybridized with the 24mer target sequence. The filled triangles represent signal from the negative controls, in which no target was added. The results show that, under the assembly conditions used for this experiment, the shortest probe (34mer) gave the greatest signal and discrimination between on and off. To rule out the possibility that the target length and not the probe length was a factor in the quenching efficiency, an assay was performed in which the probe and target lengths were equal. These data are represented in Fig. 3 by filled square symbols. In this experiment 34mer probe was hybridized with 24mer target, 44mer probe was hybridized with 34mer target, and 54mer probe was hybridized with 44mer target. Again, the shortest probe:target combination was found to give the best discrimination between on and off. Note that all probes were attached under identical conditions; therefore, while we anticipate some differences in probe surface density and hybridization efficiency between these samples based on steric considerations (26) , the trend indicates that the shortest probe:target combination gives the best discrimination. Interestingly the shortest probe:target comination also gave the largest signal, possibly due to the ability of the longer hybrids being able to interact with the surface in some manner. It is also important to note that it is likely both probe length and probe secondary structure play a part in the data. All subsequent experiments were performed with 34mer probes (of which the 10 base stem was included in the 34 bases).
In order to fully characterize the system, we determined the surface coverage of probes on the nanowires, when assembled under the conditions described in the paper. Using the HIV probe, we determined that 3.4 × 10 -12 moles of fluorescent oligonucleotides were bound to a population of 50,000,000 nanowires. Assuming the surface area of a nanowire to be 6 µm 2 , we calculated a surface coverage on the order of 40,000 oligonucleotides per nanowire (7 × 10 -11 oligos/cm 2 ). For the data described in this paper, approx 2-3 million nanowires were used in each experiment, and images containing 100-200 nanowires of each library member were analyzed.
To demonstrate proof of principle for a multiplexed molecular beacon bioassay, we performed a 5-plex experiment using oligonucleotide targets. Five oligonucleotide probes were designed complementary to the genomes of HIV, SARS, WNV, HAV, and HCV. Each probe was 34-36 bases in length, and contained a common 10 base hairpin sequence (see Table 1 for sequences). Each probe was conjugated to a different nanowire library member and the nanowires were pooled. Experiments were performed in which each of the targets were added individually, all five targets were pooled and added simultaneously, and control experiments in which non-complementary target and a "no target" control were performed. The targets were added at a concentration of 1 µM. The results (Fig. 4) show that each target is easily detected in the five nanowire experiment, when added individually and when the five targets are pooled and added together. The slight differences in intensities between different targets is most likely due to subtle differences in hybridization efficiency between the different probes due to sequence differences.
Following proof of principle work with oligonucleotide targets, we progressed to "real-world samples." We purchased cloned, sequence-defined pathogen RNA (Armored RNA ® Technology products, Ambion Diagnostics, TX). It should be noted that by using the Armored RNA products, we were limited to 172-410 base pairs of sequence (depending on pathogen) in which to design PCR primers and probes, which limited the ability to optimize both PCR and probe sequences effectively. Following RT-PCR amplification, we compared double-and single-stranded PCR products in a single plex format. Single-stranded PCR material was generated by incorporating a phosphate on the 5′ end of the 5′ PCR primer and using lambda exonuclease to digest away the phosphorylated 5′ strand, leaving the nonphosphorylated 3′ strand for hybridization to the sequence specific oligonucleotide probe. Results (not shown) indicated that single-stranded PCR product gave better sensitivity.
Reaction conditions were developed for a 5-plex RT-PCR reaction (see Materials and Methods section), which amplified material from all five RNA products simultaneously. Five nanowire library members were conjugated with the molecular beacon sequences for HAV, HCV, HIV, SARS, and WNV. As before, each probe was conjugated to a different nanowire library member and the nanowires were pooled. Amplification experiments were performed in which each of the five viral RNAs was introduced to a different amplification reaction (each containing all 10 PCR primers), an experiment in which three of the five RNAs were added to the amplification reaction, and an experiment in which all five RNAs were added. Following digestion to obtain single stranded product, each of the reaction products was used to perform a nanowire assay and the results are shown in Fig. 5 . The results show that excellent discrimination is seen, and signal to noise ratios when using RT-PCR amplification products are similar to the use of clean oligonucleotides targets. This is an excellent result, especially given the sequence constraints imposed by working with small cloned RNA products as starting material. A negative control, using single-stranded DNA of the human P450 gene sequence in the PCR reaction, showed very low background signal.
We have demonstrated proof of principle for a novel, multiplexed, pathogen detection assay that combines the use of a metal-encoded nanoparticle, with the spectroscopic phenomenon that metallic surfaces quench fluorescence. This is a new approach to the use of molecular beacons, which allows one to attain much greater multiplexing than currently achievable, and obviates the need for a quencher moiety. This assay offers high selectivity due to the leveraging of DNA secondary structure, and requires no instrumentation beyond a fluorescence microscope that is already present in many laboratories and first responder units. We have applied this approach to the simultaneous detection of five pathogens; HAV, HCV, WNV, HIV, and SARS, from a multiplexed RT-PCR reaction. It should be noted that this assay can be adapted to a plate format for use in a high-throughput setting. The ability to multiplex beyond the 5-plex assay presented in this paper is attainable; we have recently completed the synthesis of a 1000-member nanowire library. In addition, work continues on this assay format, to improve sensitivity and specificity and to increase multiplexing. While we demonstrate a viral RNA analysis application in this paper, this assay should also be applicable to many other DNA analysis assays including SNP detection, gene expression, bacterial biothreat agent detection, mutation detection, and resequencing.
